
ABSTRACT
Background: An increased risk of ACL injury has been shown in female athletes who land from jumping maneuvers 
with knee angles close to extension and in those who demonstrate a hamstring-to-quadriceps muscle recruitment 
imbalance. 

Hypothesis/Purpose: The purpose of this study was to determine if added heel lift height would alter electromyogra-
phy (EMG) magnitude and timing of the quadriceps (vastus medialis, vastus lateralis), hamstrings (semitendinosus, 
biceps femoris) and gastroc (medial gastroc, lateral gastroc) musculature during forward jump and drop-rebound 
jump landing tasks in females. The authors hypothesized increased heel lift height would promote recruitment of the 
hamstring and gastrocnemius muscles and increase the time to peak muscle activity in the quadriceps muscles.

Study Design: Prospective randomized trial

Methods: 60 recreationally active females participated. Participants performed five repetitions of forward jump and 
drop-rebound jump landing tasks while wearing different heel lifts heights (0, 12, 18, 24 mm) placed on the under-side 
of an athletic shoe. Task order and heel lift height were randomized. Dependent measures were average magnitude 
of muscle recruitment (AMR), peak magnitude of muscle recruitment (PMR), and time to reach PMR for six lower 
extremity muscle groups as measured by surface EMG. 

Results: Repeated measures ANOVAs were used to determine the influence of heel lift height on the dependent mea-
sures. There were no signficant differences in the AMR, PMR, or time to reach PMR with the four different heel 
heights during the landing maneuvers, with one exception. A significant difference was found in the time to achieve 
PMR in the semitendinosis muscle during a forward jump landing (p=.024). Post hoc analysis found significant dif-
ferences with both the 18mm and 24mm heel lift height compared to 0mm. 

Conclusions: Utilization of larger heel lifts (18mm and 24mm) to influence landing biomechanics may be of potential 
benefit; however, only when performing forward jump landing tasks. Further investigation into the protective effects 
of a quicker onset of semitendinosis peak magnitude is warranted.

Level of Evidence: 2
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INTRODUCTION
Researchers have consistently demonstrated that 
anterior cruciate ligament (ACL) injuries occur 
more frequently in female compared to male ath-
letes.1,2,3,4,5 However, the basis of this gender dis-
parity remains poorly understood. Although many 
theories have been proposed,6,7,8,9 no evidence exists 
that supports a single cause for the female’s propen-
sity towards ACL injury. Furthermore, researchers 
have struggled to find proven methods to limit or 
prevent these injuries.10

Risk factors for sustaining ACL injuries have been 
divided into four general categories: environ-
mental, anatomical, hormonal, or biomechani-
cal.6 Many of these risk factors cannot feasibly be 
altered. However, given the ability to change joint 
kinematics and muscle activity, many research-
ers have focused on the biomechanical risk factors 
utilized by female athletes during sports maneu-
vers.7,8,9,11,12,13,14,15,16 Researchers have demonstrated 
that females repeatedly utilize an extension-biased 
knee landing pattern in a variety of sport maneu-
vers.11,13,14,17,18,19 The ramifications of landing with 
the knee closer to extension include increased EMG 
activity of the quadriceps,10,13,20,21 increased anterior 
tibio-femoral shear,21,22,23 increased vertical ground 
reaction forces,14,24 and a decrease in EMG activity of 
the hamstrings.13,22 Each of these characteristics are 
thought to increase ACL injury risk.23,25,26

ACL injury prevention programs have been used to 
favorably influence kinematic patterns during varied 
landing tasks in female athletes.27,28,29,30,31,32,33 How-
ever, many of these programs require a substantial 
time investment of 90-minutes or more several times 
per week,14,27,28,29,35,36 often requiring greater than six-
weeks of consistent training.27,28,29,34,35,37,38 This time 
component is apt to have negative effects on com-
pliance, which has been demonstrated to be a sub-
stantial factor in the overall success of a program.33,35 

Furthermore, the duration of the protective effects 
of these training programs after cessation of par-
ticipation is unknown. Conversely, some challenge 
these prevention programs, refuting the proposed 
benefits and arguing a lack of effect with reduction 
of non-contact female athlete ACL injury.10 Vescovi 
et al suggests these programs do not readily improve 
athletic performance, perhaps further hindering 

compliance from the perspective of coaching staff 
with dense team training schedules.38 

A prevention strategy that requires minimal time 
and effort yet can still favorably alter knee biome-
chanics would be of substantial benefit to female 
athletes. To this end, evidence exists that increased 
heel height alters lower extremity biomechan-
ics39,40,41,42,43,44,45,46,47,48 and muscle activity41,44,45,46,47 

during gait,39,40,41,42,43,45,46 sit to stand44 and jump-land-
ing tasks.47,48 Both static-standing and dynamic gait 
analyses have demonstrated increased knee flex-
ion angles with increased heel height.40,41,42,43,47 Lin-
denberg et al47 demonstrated that a 24 mm heel lift 
significantly increased knee flexion angles at initial 
contact and maximal excursion, as well as slowed the 
rate of excursion during a single forward jump land-
ing maneuver. Further research demonstrated that a 
24 mm heel lift significantly decreased peak vertical 
ground reaction force when landing from a forward 
jump landing maneuver.48 These kinematic changes 
associated with added heel lift height suggest that the 
incorporation of a heel lift may offer an alternative 
strategy for altering knee kinematics during sporting 
activities. However, no research has been performed 
to explore the effect of added heel lift height on mus-
cle recruitment patterns during landing maneuvers.

Therefore, the purpose of this study was to deter-
mine if added heel lift height would alter electro-
myography (EMG) magnitude and timing of the 
quadriceps (vastus medialis, vastus lateralis), ham-
strings (semitendinosus, biceps femoris) and gastroc 
(medial gastroc, lateral gastroc) musculature during 
forward jump and drop-rebound jump landing tasks 
in females. The authors hypothesize that added heel 
lift height will significantly slow the onset of quad-
riceps recruitment and increase the magnitude of 
hamstring and gastrocnemius recruitment.

METHODS
A convenience sample of 60 recreationally active 
females between 18 and 25 years of age was recruited 
for this study. Recreationally active was defined as 
engaging in aerobic and/or anaerobic exercise for an 
average of four to five hours per week. To be included 
in the study, all participants declared the ability to 
perform a forward jump and drop-rebound jump land-
ing onto the dominant lower extremity. However, 
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subjects were not asked to perform these activities 
until after informed consent had been obtained. 
Individuals who had previous surgery to their lower 
extremities or who had an acute lower extremity 
injury within the six months prior to the study were 
excluded. For the purposes of this study, “acute” was 
defined as suffering an injury to the lower extremity 
that required the use of an assistive device for more 
than one day. Furthermore, individuals who wore foot 
orthotics were excluded from the study. Data from a 
previously conducted pilot study was used to calcu-
late the required sample size for this current study. 
G* Power software (G*Power 3.1.10, Dusseldorf, Ger-
many) was used to determine that the sample size 
needed to achieve statistical power was 60 subjects. 
This study was approved by the Institutional Review 
Board at Slippery Rock University.

The study utilized a randomized block design. All 
data collection was performed in one session. Test-
ing took place in a motion analysis laboratory at the 
university. After the collection of demographic infor-
mation and maximum voluntary isometric contrac-
tion (MVIC) data, all subjects completed two landing 
tasks: landing from a 40 cm platform and a forward 
jump at a distance of 45% the subject’s body height. 
The subject completed these tasks under four dif-
ferent heel lift height conditions: 0mm, 12mm, 
18mm, and 24 mm. Prior to beginning the two land-
ing tasks, the investigator randomly determined the 
order of heel lift application in order to diminish 
bias. Randomization was performed by drawing the 
four different heel lift conditions, which were writ-
ten on slips of paper and placed in a hat. Previous 
studies47,48 utilized similar landing tasks to those pre-
sented here to analyze lower extremity kinematics 
in athletes. This allowed for direct comparison to 
previous work.

Dependent Variables
Six lower extremity muscle groups were examined 
through the use of surface EMG including the vas-
tus medialis obliquus (VMO), vastus lateralis (VL), 
biceps femoris (BF), semitendinosis (ST), medial 
gastrocnemius (MG) and lateral gastrocnemius (LG) 
regarding the following variables: 

(1) Magnitude of muscle activity at initial contact with 
landing (expressed as a percentage of the MVIC) 

(2) Magnitude of peak muscle activity (expressed as 
a percentage of the MVIC) 

(3) Time to achieve peak muscle activity with landing

Independent Variable
Heel lift height with four levels: 0mm, 12mm, 
18mm, 24mm.

Instrumentation
Four footswitch triggers (Noraxon DTS Footswitch 
probe with four FSR sensors, Scottsdale, AZ) were 
utilized to mark initial contact during landing to 
assist with data reduction procedures.

Surface electrodes and wireless telemetric electro-
myography (EMG) system (Telemyo DTS desktop 
receiver; Noraxon, Scottsdale, AZ) were used to cap-
ture EMG data, from which muscle recruitment and 
timing were later extracted.

A System 4 Pro Dynamometer (Biodex Medical Sys-
tems, Shirley, NY) was utilized to standardize posi-
tion and stabilization while measuring MVIC of each 
muscle group. 

Heel lifts (G&W Heel Lift Incorporated; Cuba, MO) 
were injection-molded PVC vinyl lifts 6mm and 
12mm in height. Two heel lifts were combined with 
double-sided tape provided by the manufacturer to 
achieve the 18 and 24mm height. The investigator 
affixed the appropriate heel lift to the under-surface 
of the subject’s shoe with one inch wide carpet tape 
(Ace Hardware Corp.; Oak Brook, IL).

Collection of data
Data collection was completed in one session. Each 
subject reported to the motion analysis laboratory 
for testing. Subjects were oriented to the instrumen-
tation and all procedures were thoroughly explained. 
Informed consent procedures were completed, and 
demographic information was recorded. 

All data were collected from the subject’s dominant 
lower extremity. Lower extremity dominance was 
determined using a self-selection strategy. Specifi-
cally, subjects were asked to perform a single leg 
landing from a 20 cm box. The leg the subject landed 
on for two out of three trials was defined as their 
dominant lower extremity. 
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Subjects were asked to demonstrate the ability to 
perform both the forward jump and drop-rebound 
jump landing tasks without restrictions. If an indi-
vidual was unable to do so, then he or she was 
excused from participation in the study.

Subjects were fitted with four foot switches on 
the plantar surface of the dominant lower extrem-
ity. The foot switch consisted of sensors that were 
secured to the foot plantar surface via double sided 
tape. Sensors were located on the heel, first metatar-
sal head, fifth metatarsal head, and pad of great toe 
per manufacturer recommendations. 

Subjects donned a standardized athletic shoe (New Bal-
ance, Boston, MA). Throughout the data collection ses-
sion, the various heel lift heights were affixed to the 
outside/bottom of the subject’s shoes. The manufac-
turer established the use of two adjoined heel lifts as 
an acceptable use of the product. Specialized adhesive 
for this purpose was provided with the purchase of the 
heel lifts. Subjects were not made aware of the order of 
the heel lift heights that were applied for each jump. 

Next, surface electrodes were placed on the skin of 
the subject at standard positions49 for each of the 
six muscles to be recorded. The skin was prepared 
prior to electrode application by cleaning the area 
with an alcohol swab and allowing time for the area 
to dry. The participant was then seated and the 
dominant lower extremity secured in the appropri-
ate limb attachment on the Biodex Dynamometer. 
For both quadriceps and hamstring MVIC measure-
ments, the knee attachment was used. The subject 
was positioned with 75° knee flexion, the backrest 
of the dynamometer seat was inclined to promote a 
hip joint angle of 100°. The mechanical axis of the 
dynamometer was aligned with the lateral femoral 
condyle. For gastrocnemius MVIC measurements, 
the combination ankle plate attachment with foot-
rest adapter and limb support pad were utilized. The 
backrest was positioned as stated above. The sub-
ject’s knee was supported via the limb support pad 
promoting a knee angle of 20° flexion. The ankle 
attachment was set at 0° tilt with subject’s ankle 
positioned at 10° of plantarflexion. The mechanical 
axis of the dynamometer was aligned with the talus. 
Stabilization straps were used to secure the chest and 
thigh. The subject was asked to perform a series of 

three five-second MVICs with one-minute rest peri-
ods between each set for all the muscle groups. The 
muscle activity was captured via EMG recording and 
averaged for a net output of isometric torque. 

Next, the subject performed two landing tasks. The 
order in which these tasks were performed was coun-
terbalanced between the subjects. The first subject’s 
order was determined by coin flip and subsequent 
subjects performed the tasks in alternating order. 
The drop-rebound jump landing task required the 
subject to stand with her feet shoulder width apart 
and toes aligned with the edge of the 40 cm high plat-
form. The subject then jumped forward landing on 
both lower extremities and immediately rebounded 
into a vertical jump. Subjects were asked to jump “as 
high as they could” on the rebound and “land softly” 
on both lower extremities to complete the task. The 
other landing task involved a forward jump from a 
distance of 45% of subject’s height from the land-
ing marker. A 10 cm high by 15 cm wide box was 
placed halfway between the subject and the landing 
marker. The box size was not difficult to maneuver 
over; however, it encouraged a more vertical com-
ponent to the task. Subjects jumped over the box, 
traveled a distance of 45% her height, and landed on 
both lower extremities on a tile marked with an ‘X’.

To ensure safety for the subject, a padded table 
(secured to the floor) was placed in front of or beside 
the subject so that they could “catch” themselves 
should they have felt the need to do so. This was 
found to be adequate in ensuring balance recov-
ery during previous studies.47,48 Each subject had 
three practice trials for each landing task to become 
acquainted and comfortable with the technique.

For testing, subjects completed five trials of each 
landing task for each of the four heel lift heights (40 
trials total). To prevent fatigue subjects rested 30 
seconds between trials and five minutes between 
heel lift height conditions (during the time it took 
to change the heel lift on the shoe). No subjects 
reported or showed signs of fatigue or soreness dur-
ing or after performance of these tasks. Furthermore, 
no specific risks or benefits to individual subjects 
were noted throughout the study process.

During the landing tasks, EMG data were collected 
via the surface electrodes on the six muscle groups 
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and recorded using MyoResearch XP data acquisi-
tion software (Noraxon, Scottsdale, AZ). The pres-
sure-sensitive footswitches were integrated with this 
software. When initial contact occurred during the 
landing tasks, the footswitches registered an event 
that provided a standardized marker to be used 
when analyzing the EMG data. 

DATA REDU CTION AND STATISTICAL 
METHODS
The EMG data were reduced within the acquisition/
analysis software. Event markers were created in 
the program based on the initial contact registered 
by the footswitches to identify the start of each trial. 
The five trials for each task were averaged and cus-
tom buffers created, thereby allowing the inves-
tigator to identify the dependent variables. Signal 
smoothing using a root mean square algorithm at 
50ms and full-wave rectification were used to pro-
cess the data. Average and peak muscle activation 
and time to achieve peak muscle activation data 
were then analyzed within the software. These data 
were downloaded and organized into a spreadsheet 
(Microsoft Excel (2015), Redmond, WA). EMG data 
were then normalized to a percent of the MVIC. After 
data reduction, statistical analyses were completed 
with a commercially available statistical software 
package (SPSS 18.0; Chicago, IL). Separate repeated 
measures (randomized block) analysis of variances 
(ANOVA) were utilized to determine the influence of 
additional heel lift on the magnitude of muscle con-
traction at initial contact and peak activity and time 
to achieve peak muscle activity for each muscle for 
each landing task. When appropriate, post hoc test-
ing using one-tailed paired t-tests were performed to 
identify any significant differences in the dependent 
variables between the heel lift conditions. Alpha lev-
els were set a-priori at p < 0.05. 

RESULTS
Sixty recreationally active females participated. 
Five subjects’ data were not able to be used due to 
poor EMG or footswitch recordings. Table 1 presents 
demographic information. There were no signficant 
differences in the average magnitude of muscle activ-
ity, peak magnitude, or time to achieve peak magni-
tude with the four different heel lift heights during 
the forward jump (Table 2, 3, and 4 respectively) and 

drop-rebound jump (Table 5, 6, and 7 respectively) 
manuevers with one exception. A significant differ-
ence was found in the time to achieve peak magni-
tude of muscle activity in the semitendinosis muscle 
during a forward jump landing (p=.024). Post hoc 
analysis determined that significant differences 
existed between both the 18mm and 24mm heel lift 
height when compared to 0mm (Figure 1). 

Table 1. Subject demographic data 
(n=60).

Table 2. Average EMG activity per muscle during 
forward jump.
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DISCUSSION
The purpose of this study was to investigate the 
influence of heel lift height on muscle activity dur-
ing forward jump and drop-rebound landing tasks. 
The semitendinosus was found to achieve a faster 
time to peak muscle activation during the forward 
jump landing task with the addition of a 18mm or 
24mm heel lift compared to the control condition 
of 0mm. A trend was identified demonstrating 
increased hamstring peak magnitude (normalized 
EMG output for semitendinosus increased from 
1.0716 at 0mm to 1.3142 at 24mm and biceps femoris 
from 1.9562 at 0mm to 2.3631 at 24mm) and a slower 
time to achieve peak magnitude for the quadriceps 
musculature (vastus lateralis time to peak increased 

from 0.0776 ms to 0.0898 ms); however, these results 
were not statistically significant. 

Investigation of the utilization of heel lifts to influ-
ence landing maneuvers continues to remain novel 
research. Thus, there is a paucity of literature to 
directly compare the results of this study. One study 
found that the addition of a 24 mm heel lift signifi-
cantly increased knee flexion at initial contact and 
peak knee flexion as well as slowed the rate of joint 
excursion when landing from a forward jump.47 In a 
follow up publication, it was further demonstrated 
that utilization of a 24mm heel lift caused a decrease 
in vertical ground reaction force (vGRF) with a for-
ward jump, but not during a drop-rebound jumping 

Table 3. Peak EMG activity per muscle during 
forward jump.

Table 4. Time to achieve peak EMG activity per 
muscle during forward jump.
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maneuver.48 These results collectively suggest that 
the addition of heel lifts favorably alters lower 
extremity biomechanics during a forward jump 
landing task. However, the role of muscle activity 
in these biomechanical responses remains unclear.

It is generally accepted that an imbalanced ham-
string to quadriceps ratio and a delayed onset of 
hamstring time to peak torque are both ACL risk fac-
tors.21,50 Huston and colleagues21 found that Division 
I female athletes took significantly longer to produce 
hamstring peak torque and relied on more of their 
quadriceps musculature in response to anterior tibial 
translation when compared to their male counter-
parts. As such, a faster time to peak magnitude of the 
semitendinosus through the utilization of a heel lift 

has been speculated to be ideal when attempting to 
maximize protection of the ACL. Although not found 
to be statistically significant, trends were identified in 
this current study for slower time to peak magnitude 
in the quadriceps musculature and increased magni-
tude of hamstring activity during landing tasks.

Hong and colleagues44 investigated the effects of 
footwear with differing heel heights (0cm, 3.8cm, 
and 7.6cm) on EMG responses throughout the lower 
extremity while walking. They found that elevated 
heel heights reduced load of the quadriceps mus-
culature, supporting the trends of the authors’ cur-
rent research that the quadriceps musculature may 
be influenced through the utilization of added heel 
lift height. However, the reduction of quadriceps 
activation with elevated heel heights is inconsistent 

Table 5. Average EMG activity per muscle during 
drop rebound.

Table 6. Peak EMG activity per muscle during 
drop rebound.
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throughout the literature, with reports of increased 
quadriceps muscle EMG while utilizing a heel lift 
during gait.51,52,53 These publications utilized larger 
heel lift heights (range of 4-10 cm) compared to the 
highest heel lift height used in the present study of 
24mm (2.4 cm). However, it is possible that extreme 
heel lift heights would be deleterious from a bio-
mechanical perspective, possibly even increasing 
the likelihood of injury. Determination of an opti-
mal heel lift height has yet to be determined and 
requires further research.

As demonstrated in the current study and previ-
ous publications, there were no statistically signifi-
cant differences in joint kinematics or EMG activity 
observed during drop-rebound jump landing tasks 
with the utilization of heel height lifts.47,48 This could 
be attributed to a more forefoot-based landing strategy 
during the rebound jump. It has been demonstrated 
in other research that subjects landing from a more 
vertically oriented jump demonstrate a larger degree 
of ankle plantarflexion and utilize a forefoot landing 
strategy.56,57,58 Thus, the subjects in this study may 
have not had enough heel contact with the ground 
to utilize the effects of the increased heel lift height. 
The current findings suggest that the only possible 
protective benefit of heel lift utilization occurs only 
with forward jump tasks, and with greater heel lift 
heights (18mm and 24mm). It is unknown whether 
these effects would apply to other dynamic, sport 
specific maneuvers that have yet to be studied. 

One limitation of this study was that a limited num-
ber of lower extremity muscles were assessed dur-
ing the landing procedures. For example, gluteus 
medius has been investigated in other studies for its 
role in knee kinematics during landing.59,60 The cur-
rent project did not identify significant alterations in 
the activation of six muscles under different heel lift 
conditions. However, it is possible that other muscles 
could play a role in promoting the kinematic changes 
seen in past research using the same conditions.

No data were gathered on ankle kinematics or other 
musculature of the ankle. Therefore, the influ-
ence of added heel lift height on the ankle during 
the selected landing tasks is unknown. Research-
ers investigating muscle response to heel lifts dur-
ing gait have reported decreased amplitude of 

Table 7. Time to achieve peak EMG activity per 
muscle during drop rebound.

Figure 1. Post hoc results for Time to Achievement of Peak 
EMG activity (TTP) in semitendinosis during forward hop
*Signifi cant difference from 0mm heel lift FH-forward hop; 
TTP-time to peak EMG magnitude; ST-semitendinosis
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the gastrocnemius muscle EMG response42,61 and 
increased plantarflexion.44,47 The current study 
found no significant changes in gastrocnemius activ-
ity during either landing maneuver. More research is 
warranted to further investigate these relationships. 

At this time, the authors of this study are unable to 
predict any potential negative effects from using ele-
vated heel lift heights in athletic shoe wear. There 
is very little information on the use of heel lifts in 
landing activities and, thus, there is no data suggest-
ing whether an elevated heel could have a negative 
impact on performance, joint integrity, or the over-
all safety of the individual. Additionally, it is not pos-
sible to comment on how elevated heel lift height 
might alter other athletic activities, such as running 
or cutting. Again, future research and longitudinal 
studies would be necessary to discover if any prob-
lems would arise from the use of heel lifts.

Future research on the effect of heel lift height 
on landing mechanics is warranted. Positive knee 
kinematic changes and ground reaction force val-
ues have been identified when using heel lifts dur-
ing forward jump maneuvers.47,48 Future research 
should investigate other biomechanical factors such 
as recruitment order and onset timing of key muscle 
groups. Sports maneuvers such as pivoting and cut-
ting have also been associated with non-contact ACL 
injury risk.11,12,17 It would be beneficial to determine 
if the use of heel lifts would show similar kinematic 
effects as those seen with forward jump maneuvers. 
It would also be prudent to identify the impact that 
heel lifts would have at the ankle, hip, and trunk 
during sports maneuvers. Research could continue 
to investigate ACL injury risk reduction while also 
identifying any potentially adverse responses gener-
ated by the additional heel lift height.

CONCLUSION
ACL injuries remain one of the most frequent knee 
injuries in physically active individuals, especially 
in the female population.1-3,4,5 Previous studies have 
suggested that the utilization of heel lifts to posi-
tively influence biomechanics may be of potential 
benefit.47,48 In the current study, there were no sig-
nificant differences found in the muscle recruit-
ment under the various heel lift conditions with the 
exception of the semitendinosus time to achieve 

peak magnitude. By influencing the semitendinosis 
to achieve peak magnitude more quickly, an ath-
lete may reap protective benefits and decrease ACL 
injury risk. The clinical relevance of these findings 
remains unknown. Further research is warranted. 
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